. Noticeably, the dominating cathode materials for LIBs are no longer the superior choice for KIBs. Instead, PBAs, which are poor-performing Li-ion cathodes, emerge as one of the major candidate material groups for KIBs when prioritized in terms of specific energy.
In this article, we review recent progress in the development of cathode materials for non-aqueous KIBs, with the aim of stimulating further research in this rapidly growing field. We first discuss the advantages and disadvantages of each of the four cathode material types and provide perspectives and strategies for their future optimization.
Layered oxide compounds
Layered oxide compounds have been widely used as cathodes for LIBs and NIBs because of their high energy density achieved in these technologies.
The layered oxides can be conveniently classified using an alpha-numeric expression developed by Delmas and colleagues [22] : with a letter describing the alkali site coordination (e.g., octahedral (O) or prismatic (P)) and a number referring to the oxygen stacking sequence. In a layered oxide crystal structure, the TM and alkali ions segregate into alternating slabs, V, yet accompanied by fast capacity decay. The K x CoO 2 reported by Kim and colleagues [24] and Hironaka and colleagues [25] shows two structure types (i.e. P2 and P3) depending on the starting alkali content (x = ~0.4 and ~0.6, respectively). The P2-type K x CoO 2 shows a stair-like charge/discharge profile, indicating the occurrence of multiple phase transitions upon K de/intercalation (Figure 2a) [26] . This material has a high average discharge voltage of ~3.3 V but a low reversible capacity of ~65 mAh g One of the major issues with layered oxides is that almost all of them are Kdeficient, limiting the amount of K that they can bring in a K cell. In this context, the stoichiometric O3-type KCrO 2 developed by Kim and colleagues is remarkable as it is the only layered oxide material that can be synthesized without K deficiency [27] . A stoichiometric O3-type KCrO 2 shows a reversible capacity of ~93 mAh g −1 with an average voltage of ~2.73 V (Figure 2b ) [27] . The unique stability of KCrO 2 in the layered structure (Figure 2c ) was explained using ab-initio calculations. By evaluating the thermodynamic stability of various stoichiometric KMO 2 compounds (Figure 2c ), Kim and colleagues [27] found that the strong unscreened K The relation between voltage slope and interaction can be seen by taking the
, where x is the amount of K. [29] In a mean field or regular solution approach, Δ E mix =ω x (1−x)and hence
where ω is proportional to the effective K-K interaction. [30] Even in systems where the intercalating ions are not randomly distributed, the overall slope remains proportional to the interaction. The large voltage slope limits the usable capacity within a given voltage window.
In addition, the upper cutoff voltage allowed for most K-layered oxides is limited due to the structural instability and the concomitant capacity loss at deep charge [5, [23] [24] [25] 27] . For example, when depotassiating K x MnO 2 and K y CrO 2 to x < 0.2 and y < 0.4, respectively, the crystallinity of electrodes is significantly reduced [5, 27] as confirmed by ex situ XRD. The origin of this irreversible structural change at low K contents is currently unclear and should be further investigated to enable the use of a wider K de/intercalation range.
Prussian blue analogues
Prussian blue analogues (PBAs) have received considerable attention as K- is redox-active for Na-PBAs but has a redox potential above the upper 8 stability window of non-aqueous electrolytes for K-PBAs [33] . Thus, the only K-PBAs capable of delivering a capacity larger than 1 K/f.u. at reasonably high voltage are either Fe-or Mn-based [11, 34] .
The electrochemical performance of PBAs is highly sensitive to lattice defects. A PBA can theoretically insert/extract 2 K/f.u., corresponding to a theoretical capacity of ~156 mAh g with low initial coulombic efficiency of 44% [41] . Slow crystallite nucleation and post-synthesis drying seem critical for better performance [42] . A similar study comparing the effect of crystallinity on performance in Na-PBAs concluded that defects lead to slow kinetics and poor cycle life [43] .
Such sensitivity to defects leads to significant inconsistencies across the (Figure 3d ) [34] ; and the Kdeficient FeFe(CN) 6 phase reported by Shadike and colleagues has two almost overlapping plateaus at 3.3 and 3.2 V (Figure 3e ) [10] . No real satisfactory explanations for these variations have been provided so far.
Such confusion is in fact not uncommon in the field of metal-organic frameworks (MOFs), where routine measurements such as powder XRD provide limited structural information to explain the observed variation in properties [45] . In-depth characterization of the nature of the defects using theory and experiments and their correlation with electrochemical performance is urgently needed. This understanding needs to be paired with study of how synthetic conditions influence composition and defects to increase reproducibility and future optimization/commercialization of this class of materials. respectively, through the synthesis of a highly stoichiometric compound (Figure 4b ) [49] . Their structure analysis using XRD, X-ray absorption spectroscopy, and nuclear magnetic resonance spectroscopy showed that oxygen substitution on F sites in KVPO 4 [50] . In situ XRD and ex situ energy-dispersive X-ray spectroscopy (EDX)
Polyanionic compounds
analysis revealed the complete replacement of Na factor may not be present when the polyanion compound has a layered structure that can easily relax perpendicular to the layer. However, the specific capacity of many K-polyanionic compounds is still far below Li-and Na-counterparts. We propose that new polyanionic K-cathodes that enable double redox reactions (e.g., Mn
, and Ni
) should be developed to increase the theoretical electron reservoir.
Organic compounds
Organic compounds are considered attractive candidates for KIBs by some because of their low cost and flexible structures. The argument made is that weak intermolecular interaction more easily accommodates deformations upon inserting large K showed that the material undergoes a high degree of amorphization upon potassiation with its crystallinity only partially restored when re-charged. We suspect that this loss of long-range order is responsible for the poor cycling stability, though it is not exactly clear why amorphization would reduce capacity. In addition, ex situ infrared spectra reveals electron injection into C=O bonds and the formation of potassium enolate groups during the potassiation process. However, the authors suggested that the redox process is better described by a molecular orbital or doping analogy because of the delocalized nature of the injected electrons. Jian and colleagues studied PAQS (poly(anthraquinonyl sulfide)) as another cathode material for KIBs [63] . This compound shows a high reversible capacity of 200 mAh g 
Concluding Remarks and Future Perspectives
In Figure 5 , the gravimetric energy is plotted versus the volumetric energy of various K-cathode compounds, including layered compounds, Prussian analogues, polyanionic compounds, and organic compounds with comparison to Li-and Na-cathode materials [11, 24, 26, 27, 35, 39, 46, 49, 57, 60, ) should be developed to increase the achievable specific capacity. Given that polyanionic compounds are generally high in voltage, strategies to optimize the working potential in order to fully utilize double redox in a practical voltage window are needed, e.g. tuning the inductive effect by tailoring the polyanionic groups, or by tailoring the site energy.
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